This article is a summary of a short course lecture given in conjunction with the 1984 Nuclear Science Symposium. Measuring systems for nanosecond fluorescence spectroscopy using single-photon counting techniques are presented. These involve systems based on relaxation-type spark gap light pulser and synchronously pumped mode-locked dye lasers. Furthermore, typical characteristics and optimization of operating conditions of the critical components responsible for the system time resolution are discussed. A short comparison of the most important deconvolution methods for numerical analysis of experimental data is given particularly with respect to the signal-tonoise ratio of the fluorescence signal.
INTRODUCT ION
Fluorescence spectroscopy is among the most sensitive and versatile technique available for studying the photophysical properties of organic molecules. The technique involves, directly or indirectly, the lifetime measurements of the excited molecular states.
During the last sixteen years the method has proved to be extremely powerful and has added significantly to our understanding of the dynamic physical and chemical processes which are important in molecular biology. Fluorescence measurements permit a detailed analysis of macromolecules in solution or in organized structures with respect to their hydrodynamic properties (size and shape), polarity, dielectric strength, conformation, the binding characteristics of substrate and intermolecular or intramolecular distances and interactions. Particularly important are measurements of the changes in fluorescence parameters which occur with changes in temperature, pH factor, ionic strength, salt composition and other factors when molecules are in solutions.
Because the basic concepts of fluorescence spectroscopy have been reviewed elsewhere,1'2 only a short summary will be given here.
When a molecule is excited by a light pulse to Another deactivation process from the excited state is through a photochemical reaction. The excitation energy is lost in rearranging bonds to form new products. Finally, a molecule can be deactivated transferring its energy to another neighboring chromophore by some coupling mechanism (energy transfer). The rate of each of these possible deactivation processes has been extensively treated in the literature.
For a given chromophore one of the most important deactivation processes is the fluorescence. It is experimentally characterized by fluorescence lifetime, spectrum, quantum yield and polarization. Only the measurement of the fluorescence lifetime will be considered in this paper.
Among the different techniques available f r subnanosecond fluorescence lifetime measurements, ,2 the single-photon counting method has gained wide acceptance. The sample is repeatedly excited with short light pulses and the resulting fluorescent pulses adjusted in intensity so that for most of the light flashes only one photoelectron is produced at the photocathode of a fast high-gain photomultiplier. The single photon counting technique of lifetime measurement is based upon the concept that the probability distribution for the emission of a single photon of fluorescence following a single exciting light pulse is identical to the intensity-time profile of the cascade of all the photons which are emitted following a single flash of exciting light. The single photon emission probability distribution is built up by repetitive exposure of the sample to short bursts of exciting light and recording of the time of arrival of the first photon of fluorescence following each exciting pulse. This is the most sensitive of techniques for measuring lifetimes, offering excellent signal-tonoise ratio, wide dynamic range of several decades of light intensity, and subnanosecond lifetime measurement capabilities. Due to the finite width of the light pulse, the time resolution limitations of the photomultiplier and the electronic signal processing system the experimental fluorescence lifetime curve is significantly distorted. In order to extract the true value of lifetime parameters from the experimental data, it is necessary to solve a convolution inte- Fig. 1 . Basically, the system electronics can be divided into four main sections: the reference (START) channel, the fluorescence (STOP) channel, a data accumulation channel and a computer. More specifically, the system consists of a light pulser, a reference constant-fraction discriminator, a fluorescence signal constant-fraction discriminator with upper and lower level adjustments, a photomultiplier with its thermoelectric cooling chamber, delay lines, a time-to-pulse amplitude converter, a pulse-height analyzer, an analyzer-to-computer interface and a computer. All components used in the system are available commercially with the exception of the constant-fraction discriminator with upper and lower level adjustments, a component which significantly increases the accuracy of a measurement. The discriminator is described in considerable detail in Ref. 4 shown that the optimum operating voltage for a minimum light pulse spread is 5 kV. In this case the full width at half maximum of the light pulse is less than 800 ps. The tungsten electrode spacing, which is adjustable between 0 and about 2 mm by means of a collar near the spark chamber,4 should be adjusted to a light pulse rate of 14 x 10 pulses/s. Under these operating conditions, the photon yield will be approximately 2.8 x 106 photons/pulse. Also, to obtain stable performance of the light pulser both with respect to the light pulse intensity and waveshape spread, it is necessary to continually flush the spark gap chamber with a gentle flow of dry air during operation. The electrode tips have to be cleaned after every 10 hours of operation and the electrode spacing reset. Also it will be necessary to resharpen the electrodes into conical tips after significant erosion has occurred. The maximum photon yield of approximately 1.2 x 107 photons/pulse is obtained by using a nonoptimum operating voltage of 9 kV. Under these conditions, the FWHM of the light pulse is 2.2 ns, and the light pulse waveshape spread is about five times worse than in the case when the spark gap is operated with optimum operating voltage. Also, the light pulser performance is significantly degraded with increased air pressure in the spark chamber.
Filters
Colored glass or interference filters are used in the measuring system to isolate the proper wavelengths for excitation and to select the wanted fluorescence emission for each sample. Filters permit recordings with high collection efficiency and with a broad bandpass, which increases the system sensitivity. Glass filters also introduce significant fluorescence and phosphorescence artifacts into lifetime measurements. The total electron transit time spread of the photomultiplier,5s6 used in the subnanosecond photon counting system, represents the second major limitation on the precision of the decay time measurements. The transit time spread of an electrostatically focused photomultiplier consists of the photoelectron transit time spread between the photocathode and the first dynode of the multiplier, the electron transit time spread in the electron multiplier itself and that between the electron multiplier and the anode. The major causes of transit time spreads are the distribution of initial emission velocities of photoelectrons and secondary electrons, unequal electron path lengths between different electrodes, and nonuniform electric fields. Generally, the initial stages of a photomultiplier contribute predominantly to the total transit time spread. The transit time spread resulting from the initial velocity distribution is decreased by increasing the voltage between the photocathode and the first dynode. Similar considerations are valid for the secondary-electron initial velocity in an electron multiplier.
The single-photoelectron time spread and the time response of photomultipliers have improved considerably within the last few years due to better electrooptical design and to the application of new secondary emitters.
Optimization of operating conditions of the RCA 8850 and 8852 photomultipliers for a minimum transit time spread is performed by using the procedure and measuring system described in Ref. were designed according to the above criteria for a minimum time spread. Furthermore, positive voltage supplies were applied to the voltage-divider network in such a way that the photocathode was at the ground potential during operation. This voltage-divider configuration reduces the number of noise pulses generated by electroluminescence in the photomultiplier glass envelope and face plate because the thermoelectric cooling chamber components surrounding the photomultiplier are at ground potential.
Constant-Fraction Discriminator Considerations
The time resolution capabilities of the photon counting system, in addition to the spread in the light pulse waveshape and photomultiplier electron transit time spread, are determined by the time-walk and resolution characteristics of the constant-fraction discriminator. The discriminators used in this system were developed with improved time-walk and resolution characteristics. The photomultiplier signals are properly shaped by an attenuation-subtraction technique producing a pulse with a zero-crossing point and a pedestal added, allowing adjustment of the discriminator to the zero-crossing point. The fast baseline crossover point of a bipolar pulse is relatively independent of the pulse amplitude, and can be conveniently used to obtain amplitude-independent timing information. Despite the amplitude-independent crossover point of a bipolar pulse, a leading-edge detector triggered at this point introduces a time walk, in the nanosecond region, when there is a large dynamic range of input pulse amplitude. To overcome this shortcoming, a pedestal is added to shift the bias up to the detector threshold at the right time. By doing this, the detector triggers as soon as the zero-crossing point of the bipolar pulse is reached, producing an almost amplitude-independent timing pulse. To increase the input amplitude dynamic range of the discriminator, the bipolar pulse is further amplified and peak limited before being applied to zero-crossing To evaluate the performance of the constant-fraction discriminator, the system described in Ref. 5 was used to measure the time walk and resolution of the discriminator as a function of input pulse amplitude. Figure 3 shows Fig. 7 .
Measuring System Description
The major coMponents of the measuring system are the pulsed laser light source, a reference fast photodetector, a fluorescence signal constant fraction discriminator, a photomultiplier with its cooling chamber, a rate reducer, delay lines, a time-to-amplitude converter, a pulse-height analyzer and a computer system.
The excitation light pulse in the single-photon counting system was provided by a Spectra Physics synchronously pumped, mode-locked dye laser. The pump laser was a Spectra Physics SP 171 argon ion laser which is acoustooptically mode-locked. The acoustooptic mode locking crystal was driven by a Spectra Physics SP 362 Ultrastable Mode Locker. The output pulses of the argon ion laser had a FWHM width of about 150 ps and a wavelength of 514 nm. The output of the argon ion laser was used to pump a modified Spectra Physics SP 375 dye laser. The dye laser cavity had been extended to match the cavity length of the argon ion laser. The modified dye laser produced light pulses of 10 ps, FWHM, at an 82 MHz repetition rate. The significant shortening of the dye laser pulse as compared to the argon ion laser pulse is due to a partial reduction of the pump-pulse induced population inversion by stimulated emission which is induced by simultaneous transit of the dye pulse through the dye stream.
Pulses with a FWHM as short as 1.5 ps at 620 nm can be obtained by using the laser dye rhodamine 6G, pumping at the threshold of lasing (about 750 mW argon laser pump power), and carefully matching the cavity lengths of the two lasers. For the fluorescence lifetime experiments, it was more convenient to run the dye laser above threshold and pump it with about 950 mW argon ion laser power.
The sample was placed in the cuvette and it is repeatedly excited with laser pulses. The verse single-photon timing scheme is used. The timeto-amplitude converter starts with the output of the constant fraction discriminator (fluorescence photon) and stops with the next pulse from the fast discriminator, i.e., with the next laser pulse. Since many excitation flashes do not produce fluorescence photoelectrons, the stop rate will be much higher than the fluorescence signal rate. This very high stop rate present at the converter input generally results in its poor performance. Apparently, the 82 MHz stop pulse train continuously present at the input of the converter interferes with the start input causing large oscillations in the measured fluorescence decay curve. To eliminate this high frequency crosstalk problem a rate reducer circuit was used. The rate reducer was placed between the discriminators and the time-to-amplitude converter. The rate reducer gates out all of the stop pulses that arrive before the arrival of the single-photon pulse from the constant fraction discriminator. Thus only one stop pulse is generated after each single-photon count. This practically eliminated oscillations in the fluorescence decay curve. The rate reducer circuit is described in detail in Ref. 12 .
The proper timing of the inputs to the converter was adjusted by individual variable delay lines. The amplitude of the converter output can thus be made proportional to the time interval of the start-stop pulse pair at its inputs. The converter output was then processed by a Northern 1024 analog-to-digital converter and stored locally in a Northern NS646 multichannel analyzer. The contents of the multichannel analyzer are transferred to a VAX 11/780 computing system for data analysis.
Application of Pulsed Laser Photon Counting System
Pulsed laser photon counting system has been used extensively to study fluorescence decay kinetics in photosynthetic systems.10 A typical result from spinach chloroplasts with reaction centers open in the presence of Mg+2 is shown in Fig. 8 at low excitation intensity (Fo level). Fluorescence decay curve oscillation-free performance is possible only by using the rate reduction described above. By using the rate reduction of discriminator pulses reaching the time-toamplitude converter the need of reducing the laser pulse rate with a cavity dumper is avoided.
In Fig. 8, E(t) is the excitation light waveshape (300 ps, FWHM), and F(t) is the measured fluorescence decay curve. The smooth three-exponential best fit is shown superimposed on the measured curve. The nonlinear least square method, described in the Numerical Analysis section of this paper, was utilized for data analysis. The lifetime (T1) and relative yield (d1) of the shortest component are 100 ps and 10%, respectively. This component was not resolved in previous single-photon fluorescence lifetime measurements.
The lower curves are the deviations between the best two-and three-exponential fits and the measured fluorescence data. A plot of the deviations between the best two-exponential fit and the data is plotted on a linear scale in the middle part of Fig. 8 . The oscillating pattern near the peak value of the data is above the noise level and indicates that the decay cannot be described by two exponential functions. The lowest part of Fig. 8 shows that the deviations resulting from the best three-exponential fit contain only statistical noise. Consequently, the decay is properly described by three exponential functions.
The random-noise character of the bottom deviation plot could not have been obtained even with a larger number of exponential decay components if system oscillations had been present in the measured fluorescence decay.
Based on deconvolutions of simulated data the pulsed laser single photon counting system can resolve fluorescence lifetimes as short as 25 ps. The limiting factors of the measuring system are the single photoelectron time spread of the photomultiplier, the timing errors introduced by electronics, the fluctuations in the light pulse waveshape and the measuring system dependence on the excitation and emission wavelengths. Application of a high gain microchannel plate or static crossed-field photomultiplier with an appropriate infrared sensitive photocathode would increase the measuring system time resolution. '5 ,6 Contemporary mi crochannel plate photomultipl iers with protective films between their photocathodes and the input face of their first plate will have a very small single photoelectron time spread. Also they will have no afterpulses. In contrast, all conventionally designed high gain photon detectors with classical dynode structures for electron multiplications exhibit a certain amount Qf afterpulses after the main anode output pulse.17 8 (3) It is equal to the number of photons emitted in the ith phase. 
